Sliced root tissue of the horseradish plant (Armoracia rusticana), when incubated with mannose-U-14C, incorporated radioactivity into peroxidase isoenzymes. Over 90% of the radioactivity in the highly purified peroxidase isoenzymes was present in the neutral sugar residues of the molecule, i.e. fucose, arabinose, xylose, mannose. When the root slices were incubated simultaneously with leucine-4,5-'H and mannose-U-14C, cycloheximide strongly inhibited leucine incorporation into the peptide portion of peroxidase isoenzymes but had little effect on the incorporation of "C into the neutral sugars. These results indicated that synthesis of the peptide portion of peroxidase was completed before the monosaccharide residues were attached to the molecule. This temporal relationship between the synthesis of protein and the attachment of carbohydrate residues in the plant glycoprotein, horseradish peroxidase, appears to be similar to that reported for glycoprotein biosynthesis in many mammalian systems.
Peroxidase catalyzed reactions are present throughout the plant kingdom and many plants contain multiple forms of the enzyme. Horseradish peroxidase isoenzymes have been highly purified (14, 16) and characterized in terms of their amino acid and carbohydrate compositions (16, 21) . Recent work in this laboratory established that although the same sugars were present in each isoenzyme, i.e. fucose, arabinose, xylose, mannose, and glucosamine, the carbohydrate content of the isoenzymes varied from 21 to 37% of the molecular weight (21) .
Despite the fact that glycoproteins are universally present in plants, information concerning the incorporation of carbohydrate residues into specific plant glycoproteins is limited. Several investigators (1, 4, 6, 11) have studied the glycosylation of the hydroxyproline-rich cell wall glycoprotein, extensin. Roberts et al. (12) incubated several plant tissues with "C glucosamine and observed that this compound was a useful and specific precursor of amino sugar residues in plant glycoproteins. The limited studies dealing with the biosynthesis of plant glycoproteins is in sharp contrast to the rapidly growing body of information concerning the biosynthesis of mammalian glycoproteins (3) . Nearly all evidence concerning the mechanism of biosynthesis of the heterosaccharide moiety of glycoproteins has been obtained from mammalian systems and points to a sequential addition of the sugar monomers to a preformed protein (3) . The onset of the assemblv of the heterosaccharide components is thought to occur within the rough membranes of the endoplasmic reticulum where the biosynthesis of the peptide-sugar linkages are spatially and temporally closely linked with the biosynthesis of the protein chain. Completion of the heterosaccharide chain is thought to occur by the step wise addition of single sugar residues. These latter reactions are believed to occur after detachment from the ribosome as the polypeptide-heterosaccharide acceptor traverses the endoplasmic reticulum and golgi apparatus.
The enzyme, horseradish peroxidase, provides a useful model to investigate the incorporation of carbohydrate residues into a specific plant glycoprotein because: (a) about 30% of the peroxidase molecule is composed of carbohydrate, (b) peroxidase is very abundant in the horseradish root, and (c) the enzyme is extremely stable and purification methods are relatively simple. Furthermore, the rapid increase in de novo synthesis of peroxidase isoenzymes in root slices (15) 
MATERIALS AND METHODS
Plant Material. Horseradish plants (Armoracia rusticana), used in this study, were grown in the greenhouse in sand culture and received standard Hoagland's nutrient solution once a week. Roots ranging from 2 to 20 mm in diameter were crosssectioned into 2-mm slices and placed in the appropriate incubation medium for experimentation.
Incubation Medium. Twenty-five grams of root slices were incubated in 100 ml of solution containing the appropriate radioactive substrate, 1 mmole of tris-HCl buffer, pH 7.5, 400 units of penicillin G and 400 ,ig of streptomycin. The incubation medium was constantly aerated and maintained in the dark at 28 C.
Isolation and Purification of Peroxidase Isoenzymes. The peroxidase isoenzymes were isolated from the root slices and purified as described previously, using the Sephadex G-100 purification step to eliminate a glycopeptide contaminant (16 (5), and radioactivity was determined using a liquid scintillation counter.
Hydrolysis and Isolation of Sugar Residues. Neutral sugar residues were liberated from the glycoprotein by hydrolysis under vacuum for 24 hr at 100 C in the presence of 0.5 N H,SO, and 400 mg of Dowex 50 (H+) resin (7). The resin was collected by filtration, the filtrate was neutralized with barium hydroxide, and the resulting barium sulfate was removed by centrifugation. The amino acids were removed by passing the solution through a Dowex 50 (H+) resin column. The eluate contained the neutral sugars. The amino acid fraction was recovered by combining the two batches of resin and eluting with 3 N ammonium hydroxide.
The neutral sugars were separated by thin layer chromatography on cellulose using the following solvent system; formic acid-methyl ethyl ketone-tertiary butyl alcohol-water (15:30: 40:15 v/v) (18) . When the solvent front had migrated 18 cm, the plates were removed from the chamber, dried for 15 min at 85 C, and then permitted to cool at room temperature. The chromatography and drying processes were repeated two more times. The neutral sugars were located by spraying with aniline-phthalic acid and heated at a 110 C for 10 min (18) . Radioactivity was assayed by removing the cellulose powder containing each sugar and counting in a liquid scintillation counter.
RESULTS AND DISCUSSION
Incorporation of "C into Sugar Fractions of Peroxidase.
The following experiments were undertaken to demonstrate that root slices of horseradish possess the complete complement of enzymes required to incorporate radioactivity from mannose-U-"C into the carbohydrate moiety of peroxidase isoenzymes. Figure 1 presents the time course of mannose-U-"C uptake by root slices. The uptake of radioactivity was linear for the first 20 hr and then leveled off. About 65% of the radioactivity was taken up by the slices during the first 20 hr. Thus, to ensure maximum mannose uptake, incorporation studies were run for at least 20 hr. The incomplete uptake of the radioactivity may have resulted from the secretion of newly synthesized radioactive products into the incubation medium. No attempt was made to ascertain the chemical identity of the "C-containing material remaining in the incubation medium.
The next step was to demonstrate that the "C taken up by the root slices was incorporated into sugar residues within the peroxidase isoenzymes. Twenty-five grams of root slices containing about 4 mg of peroxidase, were incubated 48 hr in 100 ml of incubation medium with 5 /uc of mannose-U-"4C (185 ,uc/mmole). Peroxidase isoenzymes A-1, B, and C (14) were isolated and purified. Each isoenzyme was hydrolyzed, and the carbohydrate and amino acid constituents were separated. at the designated times, and the radioactivity was determined. Twenty-five grams of root slices were incubated 20 hr in 100 ml of incubation medium containing 15 ,tc leucine-4,5-3H (5 c/mmole) in the absence and in the presence of various concentrations of cycloheximide. The root slices were then ground with mortar and pestle in 0.1 M tris-HCl buffer, pH 7.5, and the soluble protein was collected following centrifugation. Nonmetabolized radioactive leucine was removed by gel filtration. The radioactivity of the soluble protein was assayed by liquid scintillation counting. Figure 2 shows the percentage of inhibition of leucine incorporation into soluble protein resulting from various concentrations of cycloheximide. The inhibition of leucine incorporation appeared maximal at a cycloheximide concentration of about 30 pg/ml.
Next, a double label experiment was performed to ascertain if carbohydrate residues were incorporated into peroxidase isoenzymes under conditions of diminished protein synthesis. Cycloheximide was employed at a concentration of 60 ,xg/ml to ensure maximal inhibition of protein synthesis. Twenty-five grams root slices were incubated 48 hr in 100 ml of incubation medium containing 5 Per cent inhibition = dpm control -dpm cycloheximide treated X 100 dpm control proteins were collected as in the previous experiment and peroxidase isoenzymes A-1, B and C were isolated and purified. 
